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A neutron interaction simulation tool, PyNIC, was developed for the calculation of 
neutron activation products and prompt gamma ray emission from neutron capture, 
neutron inelastic scattering, and fission interactions.  This tool was developed in Python 
with a graphical user interface to facilitate its easy applications.  The tool was validated 
for neutron activation analysis of a number of samples irradiated in the University of 
Utah TRIGA Reactor.  These samples included nickel wire and the NIST standard for 






Ba. The samples were irradiated at reactor power levels from 1 kW to 90 kW, and the 
average percent difference between PyNIC estimated and laboratory measured values 








Ba, respectively.  These 
differences are mainly attributed to calibration of the high-purity germanium detector and 
too short of count times.  The PyNIC tool is applicable to neutron activation analysis but 
also can find its applications in nuclear power, nuclear medicine, and in homeland 
security such as predicting the contents of explosives and special nuclear materials in 
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After the discovery of the neutron by James Chadwick in 1932, one of the earliest 
applications of neutrons was to create interactions that will possibly complete 
Mendeleev’s periodic table (1).  The production of radioactive isotopes through neutron 
capture allowed Enrico Fermi and Emilio Segre to identify elements needed to complete 
the periodic table, for which Fermi was awarded the Nobel Prize in 1938.  Since then, 
neutron interactions represent the base principles of many devices used in a wide range of 
applications ranging from petroleum exploration to cement production to power 
generation and exploration of space. Neutron sources have great potential in helping to 
solve many of the growing needs of the world in energy development, security, and 
medicine.  Nuclear reactors help provide a carbon neutral form of electricity generation, 
while neutron generators can help nuclear power to flourish through uses in nuclear waste 
assaying.  Neutron sources, such as compact neutron generators or 
252
Cf sources could 
also be used as a means to detect explosives and nuclear weapons—two applications of 
interest to homeland security.  Neutron sources, especially compact neutron sources 
could provide an important role in neutron capture therapy for cancer by providing a low 







of the use of neutrons in these various industries, accurate modeling of neutron 
interactions caused by these sources combined with a thorough analysis of their 
applications will lead to new or improved uses in these important fields. 
 
1.2 Thesis Objectives 
The objective of this thesis was to develop a comprehensive tool to determine the 
gamma signatures emitted from neutron radiative capture and inelastic scattering 
applicable to various disciplines.  The accuracy of this simulation tool is determined 
through comparisons of calculated activities and dose rates to neutron activation analysis 
(NAA) experiments performed in the University of Utah TRIGA reactor.  The potential 
applications of the simulation tool to a range of fields such as fast neutron interrogation 
of used fuel, neutron capture therapy of cancer, explosives detection, and special nuclear 
material detection is discussed. 
 
1.3 Organization of the Thesis 
A description of neutron interactions and applications to the importance of compact 
neutron sources in nuclear waste assaying, neutron capture therapy, and nuclear security 
is given in Chapter 2. Chapter 3 is a thorough description of the PyNIC simulation tool 
for simulating the gamma emissions from neutron interactions in a given sample.  
Description of an analysis of the accuracy of the PyNIC simulation tool is verified 
through comparisons to NAA experiments in Chapter 4.  The modeling approach 







the main conclusions from the study and discusses the future direction of PyNIC 








NEUTRON INTERACTIONS FUNDAMENTALS AND APPLICATIONS 
 
2.1 Fundamentals of Neutron Interactions 
Neutron interactions important to nuclear power, nuclear medicine, and applications 
in homeland security include neutron capture; neutron scattering, both elastic and 
inelastic; and fission.  A description of these interactions is given in this section as the 
fundamentals to the development of PyNIC and its potential applications. 
Neutron capture involves the absorption of a neutron by a nucleus and the formation 
of a new nucleus.  An example would be the absorption of a neutron by 
65
Cu to form 
66
Cu.  In this case, 
66
Cu would be referred to as the activation product.  Neutron capture is 
also frequently referred to as radiative capture because gamma rays are produced in the 
majority of these absorptions (15).  In many cases, the activation production is 
radioactive and will undergo additional forms of decay.  This decay can be accompanied 
by the emission of gamma rays, which will be specific to that activation product and can 
be used to identify it.  Typically, radiative capture cross sections, which are essentially 
the probability that radiative capture will occur for an interaction with a neutron of a 
given energy, are greater for low energy neutrons. Inelastic scattering involves the 
formation of a compound nucleus between the incident neutron and the target, followed 







is in an excited state from the energy of the incident neutron.  Therefore for inelastic 
scattering to occur, the incoming neutron has to have enough energy to place the nucleus 
in one of these excited states.  This minimum energy needed is called the threshold 
energy, which is different for every nuclide.  For elements with moderate or high mass 
numbers this threshold value is generally somewhere between 0.1 to 1 MeV (15).  The 
threshold energies for lower mass elements are generally much higher than for moderate 
or heavy elements.  After the emission of a lower energy neutron, the nucleus is still in an 
excited state.  To arrive at its ground state again, the nucleus releases a gamma ray with 
an energy corresponding to the excitation energy of the nucleus.  Fission occurs when the 
nucleus splits into two smaller nuclei.  Fission is typically neutron-induced and occurs in 









Cf (15).  The fission process yields a lot of energy, mainly 
manifested in the kinetic energy of the fission fragment nuclei.  It also yields two to three 
neutrons and a number of gamma emissions.  The fission products are radioactive and are 
produced with known distributions based on the original isotope they came from.   The 
gamma decays from these fission products provide a means for their detection through 
gamma-ray spectroscopy, which allows for the original fissile material to be determined 
by comparing with known distributions.  
The gamma emissions from inelastic scattering and radiative capture are unique to a 
given nuclide and can be used to measure the content of this nuclide in the sample.  
Therefore, after irradiating the sample with a pulse of neutrons, gamma emissions are 
measured using a gamma detector that can distinguish between different gamma energies.  




     
resolution that can be achieved, thereby allowing for better identification of specific 
nuclides. 
 
2.2 Neutron Source Fundamentals 
Neutron generation occurs through many different devices ranging from 
252
Cf neutron 
sources to large nuclear power generating reactors.  While an exhaustive description of 
all the neutron source devices available in the nuclear industry would be beyond the 
scope of this thesis, a detailed description of compact neutron generators is included to 
demonstrate the applicability and usefulness of PyNIC.  
A compact neutron source generates neutrons using low-energy nuclear reactions and 
contains three fundamental component used to generate neutrons: an ion source, an 
accelerator, and a target.  These components are highly variable and are based on the type 
of reaction being used.  The two most common reaction types used in compact neutron 
generators are the deuteron-deuterium (D-D) reaction and the deuteron-tritium (D-T) 
reaction.   
The D-D reaction uses a source of deuterons (
2
H ions) and a target loaded with 
deuterium (
2
H atoms).  The deuterons are typically accelerated to an energy in the range 
of a few hundred keV (2). These ions are accelerated towards the target, which is usually 
a metal hydride (3).  A common target material is a titanium hydride target loaded with 
deuterium atoms.  The D-D reaction cross section does not have a peak value in the low 
energy range but does steadily increase from 100 keV to 500 keV with all values in that 





     
 𝐻 
2 + 𝐻 
2 → 𝐻𝑒 
3 +  𝑛 (2.1) 
 
The neutrons generated through this low-energy nuclear reaction have energy of 
approximately 2.5 MeV (3). 
The D-T reaction uses a source of deuterons and a target loaded with tritium (
3
H).  In 
a D-T generator, typically only deuterons are accelerated because it limits the tritium to 
the target and prevents the contamination that would otherwise occur throughout the 
entire generator.  The cross section for the D-T reaction has a maximum value of 5 barns 
for a deuteron energy of 107 keV (2).  The D-T reaction that occurs is 
 
 𝐻 
2 + 𝐻 
3 → 𝐻𝑒 
4 +  𝑛 (2.2) 
 
The neutrons generated through this low-energy nuclear reaction have energy of 
approximately 14.1 MeV (3).  The D-T reaction also has a neutron yield that is on the 
order of 100 times greater than the D-D reaction (4).  The advantage to using the D-D 
reaction would be avoiding contamination risk from the use of tritium, which can cause 
serious internal damage if ingested.  
Neutron yields can vary greatly depending on the ion source and reaction type.  The 
most common ion source used in compact neutron generators is the cold-cathode, or 
Penning ion source (3).  This source contains two cathode plates placed at each end of a 
hollow cylindrical anode.  An external magnet generates a coaxial field of a few hundred 
gauss.  The deuterium gas is at low pressure in the anode, and the electric field ionizes 




     
through a hole in one of the cathode plates. The Penning source is the most common 
source because of its simple design and durability (3).  Radiofrequency (RF) plasma 
sources are another ion source commonly used in compact neutron generators.  One 
major advantage to an RF plasma source is that it can produce much higher neutron 
output compared to other portable neutron generators (5).  The RF-induction method 
(used in RF plasma sources) creates a higher percentage of atomic ion species compared 
to the Penning source, which leads to higher efficiencies because a purely atomic ion 
beam increases neutron production the target by 3 to 4 times that of a purely molecular 
ion beam (5).  Also, while the popularity of the Penning source has been attributed to its 
durability (3), the RF source has been stated to have a longer life than the Penning source 
(5).  Compact neutron sources that use a RF plasma source can generate neutrons at a rate 
greater than 10
10
 n/s using the D-D reaction (5), and these production rates would be 
increased using the D-T reaction. 
 
2.3. Neutron Activation 
The PyNIC algorithm is developed to provide the neutron activation estimates using 
the following equation for a user-specified sample composition and neutron beam 














    
(3.1) 
 
(E) – fluence of neutrons with kinetic energy E (n/(cm2*s)  








m – mass of sample (g)  
NA – Avogadro’s number  
Am – atomic mass (g/mole)  
A% - atomic abundance ratio  
tirr – irradiation time (s) 
tdecay – decay time (s) 
AD(t) – activity of daughter isotope (Bq) 
λD – decay constant of daughter isotope (s
-1
) 
If a user were to enter a 0.05 g sample that is 100% 
65
Cu (which activates to 
66
Cu 
with a half-life of 5.12 minutes), with an irradiation time of 1 minute and a decay time of 
5 minutes, and selected the thermal irradiator (TI) port of the TRIGA reactor at 10 kW as 
the neutron beam (see Fig. 2.2 for the neutron fluence and 
65
Cu cross section vs. energy 


















      ∫ 𝑑𝐸Ф(𝐸)𝜎𝑝(𝐸)
10 𝑀𝑒𝑉
0
= 0.086 𝑚𝐶𝑖 
(3.2) 
 
The activation equation is only calculated for the selected parent isotope (
65
Cu in this 
example) to the first daughter product (
66




     
that the daughter product is not going to absorb a neutron and activate to a second 
daughter (which would be 
67
Cu in this example) before it decays. 
 
2.3.1 Nuclear Waste Assaying 
Nuclear waste assaying is an important part of short and long term storage of used 
nuclear fuel.  Critical information such as external dose rates, special nuclear material 
(SNM)
1
 content, and the content of a number of different radionuclides must be known so 
that the material can be safely transported, stored, and eventually disposed of in a long-
term nuclear waste site (6).  Methods for nuclear waste assaying include passive gamma 
assay, passive neutron assay, and active neutron interrogation (6).  Passive gamma assay, 
which uses a gamma spectrometer to measure any gammas being emitted from a sample, 
is important for determining the external dose rates for the used fuel, while passive 
neutron measurement is used for determining the plutonium, curie, and californium 
content in the fuel.  Knowing the dose rates obtained through passive gamma counting is 
important so that adequate shielding is used in transportation and storage.  The 
shortcoming of passive techniques is that the intense gamma-ray emissions from long-
lived fission products and the neutron emission from actinides prevents them from being 
useful in obtaining the fissile material content.  Therefore, active neutron interrogation is 




Pu) content in used fuel.  The fissile 
content is important so that criticality safety is maintained through transport, storage, or 
processing. The fissile material content is also important in fuel reprocessing to account 
for material, thereby preventing plutonium from being diverted and stolen for use in 
 
1
 SNM is nuclear material such as Uranium or Plutonium that can potentially be used to 




     
nuclear weapons.  
Active neutron interrogation (ANI) is accomplished by irradiating the sample, in this 
case used nuclear fuel, with an external source of neutrons.  These neutrons are used to 
induce fission in the fissile material, which then emits secondary neutrons that are 
measured by a detector. ANI is needed (instead of passive neutron assay) to measure the 
plutonium content within any samples that also contain californium or curium. ANI is 
also needed if the 
235
U content needs to be measured.  Also, when using ANI it is highly 
important that the energy spectrum of the incoming neutron beam is ideal for the fuel rod 




Pu have high fission cross sections for 
thermal neutrons (~0.025 eV). Therefore, ideally the neutrons in the beam should be low 
energy by the time they reach the fuel to induce fission at the highest rate possible (while 
maintaining criticality safety).  On the other hand, if the neutrons are already at thermal 
energy as they pass through any surrounding material, there is a high probability that they 
will be absorbed through radiative capture before reaching the fuel by materials such as 




Pu to the 
capture cross sections for iron and hydrogen are shown in Fig. 2.3.  The cross sections for 









Pu, are large enough that they need to be considered because of the low-energy 
neutrons that will be lost through absorption.  Beam design can also be further 
complicated when fuel is encapsulated in cement shielding because of the high hydrogen 
content (6).  Avoiding parasitic absorption in the shielding and any other materials 
surrounding the fuel is important in ANI to allow the highest amount of neutrons to reach 




     
MeV) are generated.  These fast neutrons have a high probability of escaping from the 
fuel and surrounding material and arriving at a detector. 
There are a few different active neutron interrogation detector systems.  One common 
type, a differential die-away system, uses a 14 MeV, pulsed neutron beam to irradiate the 
sample (6). These 14 MeV neutrons are moderated down to thermal energies quickly 
(~10 µs), and the resulting thermal neutrons have a lifetime in the range of hundreds of 
microseconds (6). The detector in this system is sensitive to fast neutrons, which are 
emitted during fission, but not to thermal neutrons. Also, neutrons are only counted after 
an interval of time in which all the neutrons from the initial pulse are thermal and all fast 
neutrons counted are from fission (7).  Therefore the detector output will be proportional 
to the amount of fissile material and will not be contaminated by scattered thermal 
neutrons or initial source neutrons. For a 15 minute measurement using a pulsed neutron 
tube with an output of 10
8
 n/s, this type of detector has a limit of detection of a few mg of 
Pu or 
235




A second detector type is a Californium Shuffler (6). This detector irradiates the 
waste drum for a few seconds with a californium spontaneous fission source and then 
removes this source and counts the delayed neutrons.  This is repeated a number of times 





 n/s, this detector system has a limit of detection of a few tens of 
milligrams of Pu or 
235
U for a 200 L waste drum containing waste with a bulk density 
between 0 to 1 g/cm
3
 (6).  The detection limits for both types of active neutron 




     
which has a detection limit of a few grams of plutonium (6). 
In a recent study (8), the use of high-energy delayed gamma ray emissions (HEDGS) 







content in spent fuel assemblies.  While all of the forms of active waste assay are 
important, the use of HEDGS is the most relevant to application of the tool developed in 






Pu using HEDGS 
from fission products involves a number of steps.  The first step is irradiating spent fuel 






Pu, which each have a unique distribution of fission product nuclei (8).  
The short lived gamma emitting fission products are then measured using gamma 
spectroscopy.  The distribution of these fission products is then fit to known fission-






Pu to determine the original content of each 






Pu is shown in Fig. 2.4. 
As shown in Fig. 2.4, the fission product yield for isotopes with mass numbers 
between 90 and 110 can be used to differentiate between uranium and plutonium fission 
(8).  The region between 130 to 140 can be used to calculate the total amount of fissile 
material in the fuel element (8).  A few of the key isotopes to measure using gamma 






Y (8).  
A number of modeling steps were performed in this work (8) to model the fission 
product content for different fuel burn up levels. Also, the gamma spectra was generated 
from these fission products at different burn up levels.  Ratios between key isotopes 










     







the use of a single collimated high purity germanium detector, D-T generator of 
approximately 4e10 n/s, and a total assay time of 100 minutes (8). In summary, the use of 
HEDGS for fissile material content measurement is promising but would benefit from 
additional research. 
 
2.3.2 Neutron Capture Therapy 
Neutron capture therapy (NCT) for cancer treatment was first proposed in the years 
following the discovery of the neutron by James Chadwick in 1932.  One of the most 
common forms of NCT is boron neutron capture therapy (BNCT) because of the high 
absorption cross section of boron-10 for thermal neutrons: 3,846 barns at 0.025 eV and 
300 K (9).  BNCT is a binary targeted therapy performed in a multistep treatment.  First, 
a patient is given a boron-10-laced pharmaceutical selectively targeted at tumor cells.  
Once enough time has passed for most of the boron-10 to travel to the tumor (can vary 
significantly depending on how it is administered) and the highest tumor-to-healthy-
tissue ratio of boron has been achieved, the tumor is irradiated with an epithermal neutron 
beam.   These neutrons are then moderated to thermal energies as they travel through the 
first few cm of tissue before reaching the tumor.  Thermal neutrons are then absorbed by 
the boron-10 and induce the nuclear reaction 
 𝐵 + 𝑛 → 𝐿𝑖 +  𝛼 +  𝛾 
7
 
10  (2.3) 
The alpha particle and Li ion have very high linear energy transfer
2
 and only travel 
approximately the width of a cell.  The DNA damage from the alpha particle and Li ion 
 
2
 “Linear energy transfer: The rate of energy loss along the track of ionizing particle, 




     
can induce cancer cell death.  This makes BNCT a promising treatment option for cancer 
(under ideal conditions) because the short ranges of the alpha particle and Li ion cause 
most of the dose and cell damage to be localized in the tumor, thereby significantly 
reducing the dose to surrounding healthy tissue compared to traditional X-ray treatment.  
Apart from sparing healthy tissue, advantages to BNCT also include significantly shorter 
treatment times (as short as one treatment because of the high amount of dose delivered 
selectively to the tumor) and its ability to treat recurrent cancers that are normally more 
resistant to X-rays.  With conventional X-ray radiation therapy, patients with recurrent 
breast cancer have fewer treatment options because nearby health tissues may have 
already received the accepted tolerance dose.  In such situations, a second course of 
radiation therapy with X-rays may have unacceptably high normal tissue toxicity.  BNCT 
may provide another option for individuals in this situation in the future if proven 
effective. 
The source of neutrons for NCT has historically been nuclear fission reactors (10). 
This is mainly due to their ability to generate thermal or epithermal neutron beams with 
sufficient flux to be effective in NCT.  However an existing hospital, or even a new 
hospital, would have a difficult time building and operating a nuclear reactor due to the 
cost, regulation, large size, and safety considerations involved.  If proven effective, a 
compact neutron source on the other hand would provide the needed source in a much 
cheaper and easier to maintain form.  The use of compact neutron generators for NCT is 
not unique to this work, although these researchers are the first to investigate the use of 
compact neutron generators for BNCT of breast cancer testing positive for human 




     
Research into the use of BNCT for HER2 positive breast cancer began in 2006 (11).  
Statistics show that 1 in every 8 women will be diagnosed with breast cancer in her 
lifetime (12).  About 20% of all breast cancers are HER2 positive (13).  The HER2 gene 
helps in cell growth and division and helps in cell self-repair (12).  This makes breast 
cancers that are HER2 positive more aggressive and have a higher risk of recurrence (12).  
BNCT therefore is a very promising treatment for HER2 positive because it offers the 
possibly of shorter irradiation, better outcomes, and gives the option for additional 
treatments for recurrent cancers.  
 
2.3.3 Nuclear Security 
The terrorist events of September 11, 2001, demonstrated the great importance of 
homeland security measures needed at airports, shipping ports, and high risk 
establishments.  Major components of these homeland security measures are explosives 
detection and SNM detection in airports and shipping ports.  The accurate and rapid 
detection of these materials are crucial to the safety of the aviation industry and to the 
safety of the American public.  In particular, the detection of highly-enriched uranium or 
plutonium is an extremely high priority because a nuclear weapon detonation in a large 
city would lead to thousands of deaths and major economic repercussions.  Therefore, 
further development of existing and new methods for detecting these materials will help 







     
2.3.3.1 Explosives Detection 
The material compositions of different explosives vary significantly.  Most military 
and commercial explosives have high nitrogen content, which can be used as a key 
indicator for the presence of these explosives.  Homemade explosives on the other hand, 
which are commonly made by terrorists, do not necessarily have high nitrogen content.  
This makes the detection of explosives very difficult because one method will not 
necessarily work across every form of explosive.  Therefore, the development of multiple 
methods is necessary and very valuable to achieve the best detection possible. 
The detection of explosives is currently done primarily by using both X-ray methods 
and trace explosive residue methods (14).   X-ray methods give the density and the shape 
of any objects being scanned, and for dual-energy X-rays an idea of the average atomic 
number of the material can be ascertained.  Neutron-based detection methods, while not 
commonly used in the aviation industry, also hold great potential.  Explosives detection 
using neutrons has an advantage over X-ray methods as it gives the elemental 
composition of the material (14).    
Neutron interrogation of materials such as explosives is based on the nuclear 
interactions that occur between the neutrons and nuclei of the material.  The nuclear 
interactions include inelastic scattering, radiative capture, and with some nuclides fission.  
The probabilities for each type of interaction are based on nuclear cross sections, which 
are unique for each different atomic nuclei and incoming neutron energy. Similar to 
nuclear waste assaying, potential neutron sources for materials detection include 
252
Cf 
sources and D-D and D-T neutron generators. A 
252
Cf source generates neutrons through 
spontaneous fission and can achieve high neutron generation rates around 10
9




     
disadvantage to 
252
Cf sources is that they cannot operate in pulse mode.  D-D and D-T 
generators are therefore more useful in most cases because they can be operated in pulse 
mode.  Also of importance is the energy spectrum of the neutrons being generated by 
each source.  The 
252
Cf source produces a spectrum of neutrons with an average energy of 
about 2 MeV (16), while the D-D and D-T neutron generators yield monoenergtic 
neutrons of approximately 2.5 MeV and 14.1 MeV, respectively. The neutrons from these 
different sources are therefore going to undergo different interactions with the materials 
being scanned using active interrogation.  To detect carbon and oxygen, the incoming 
neutrons would need to undergo inelastic scattering with their nuclei, and the threshold 
for these interactions are for an incoming neutron energy of 4.8 MeV and 6.5 MeV, 
respectively (16).  Therefore, only neutrons from the D-T neutron generator can undergo 
these interactions.   
While the cross sections for inelastic scattering only exist for high energy neutrons, 
cross sections for radiative capture by isotopes like nitrogen, hydrogen, and chlorine are 
much higher for low energy neutrons.  This makes the lower energy neutrons from 
252
Cf 
and the D-D neutron generator more ideal for these interactions because they start at a 
lower energy and are more likely to be moderated to thermal energies.  A combination of 
a D-T source with a depleted uranium reflector is used in a model proposed by Koltick 
and McConchie to create a spectrum ideal for both types of interactions (16).  In this 
model, neutrons emitted in the opposite direction from the target induce fission in the 
depleted uranium, thereby creating neutrons with an energy spectrum similar to the 
252
Cf 
source. This, therefore, produces a neutron spectrum more ideal for both inelastic 




     
capture (neutrons emitted from 
238
U fission).   
 
2.3.3.2 Special Nuclear Materials Detection  
Detection of SNM is based on a number of methods, which include passive gamma 
assay, passive neutron assay, and active neutron interrogation.  The gamma emissions 
measured in passive gamma assay of highly-enriched uranium are the 0.186 MeV gamma 
ray from 
235
U and the 0.766 MeV and 1.001 MeV gamma rays from 
234m
Pa decay (17).  
Passive gamma assay can be an effective method for detecting highly enriched uranium 
when the material is only lightly shielded (0.5 cm of lead) (17).  The use of active 
neutron interrogation on the other hand has the ability to detect highly enriched uranium 
even with the use of heavier shielding. 
To use active neutron interrogation for special nuclear material, a pulsed neutron 
source such as a D-D or D-T generator would be used to irradiate the container (17). This 
container could be anything from a shipping container to a vehicle suspected of 
containing special nuclear material.  The goal is to induce fission in the special nuclear 
material, which will increase the emission of neutrons and gamma rays from the 
materials.  This will increase the detectable signature being emitted from the sample 
through fission and from fission product decays, thereby overcoming detection problems 





     
 
Figure 2.1. Neutron inelastic scattering 
 
 
Figure 2.2. Microscopic cross section for 
65
Cu and neutron fluence in University of Utah 
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H, data source (9)  
 
 















































     
CHAPTER 3 
 




As of May 2014, many neutron activation analysis precalculators exist (19–22) to 
perform rough estimates of activation products.  Most of these calculators only take into 
account the thermal flux of a neutron beam, which is fully adequate to perform rough 
estimations.  In order to achieve a higher level of accuracy though in neutron activation 
analysis and prompt gamma ray emissions from neutron capture, the entire neutron 
energy spectrum needs to be used.  As it is presented the tool adds a benchmarked, higher 
level of accuracy for neutron activation analysis precalculations by calculating the 
activation across the entire neutron spectrum of a neutron source such as a reactor.  
The Python-based neutron interaction calculator (PyNIC) is developed for its end use 
in the modeling of applications of compact neutron sources for applications in homeland 
security, nuclear power, and nuclear medicine.  The majority of modeling for homeland 
security and nuclear power focused on the development of a simulation tool in Python 
that performs calculations on neutron activation and select inelastic and fission neutron 
interactions with a user-specified sample composition.  The PyNIC was developed by 





     
select fission cross sections in conjunction with the applicable equations to calculate the 
activation products or immediate gamma emissions.  The PyNIC also includes the ability 
for the user to perform an MCNP simulation of the gamma spectrum a user would expect 
on an HPGe detector. 
 
3.2. UUTR Irradiation Ports and MCNP6 Simulated Neutron Energy  
Spectrum 
The UUTR has four commonly used irradiation ports.  The four irradiation ports are 
the TI, the fast neutron irradiation facility (FNIF), the pneumatic irradiator (PI), and the 
central irradiator (CI).  The neutron flux in each of these irradiation facilities was 
modeled using a complete MCNP6 model of the UUTR core.  A plot of the neutron flux 
in all but the PI is shown in Fig. 3.1.  Also, a complete flux profile for thermal neutrons 
and for fast neutrons is shown in Fig. 3.2 and Fig. 3.3, respectively.  The highest total 









*s)). For calculations made in PyNIC, 2620 energy tally bins were used in 
MCNP6 with a F4:n tally from 1 cm below the centerline of the core to 1 cm above the 
centerline for each radiation port. 
 
3.3. Radiative Capture, Inelastic Scattering, and Fission Cross Sections 
The radiative capture, inelastic scattering, and fission cross sections from the 
Pointwise ENDF-VII at 300 K libraries were built into the PyNIC.  These cross sections 
were downloaded from the atom.kaeri.re.kr website (9).  The entire radiative capture 




     
were built into the scripts.  The reason for adding the complete cross section is that the 
activation can be calculated more accurately for a unique neutron beam energy spectrum 
and flux.  The entire inelastic scattering or fission cross section was also built into the 
scripts for a few nuclides.  Inelastic scattering cross sections were added for the first 
excitation state of C (natural abundance carbon) and the second, third, and fourth 
excitation levels of
 16







An example of the difference between using just the thermal cross section in the 
activation equation vs. the entire cross section is significant in the case of 
66
Cu.  As 
shown in the calculation in Eq. 3.2, the activity is 0.0062 mCi when just accounting for 
the neutrons with an energy from 0.0178 to 0.0237 eV while the PyNIC calculates an 
activity of 0.072 mCi when accounting for the entire neutron energy spectrum.  In order 
to perform the calculations over the entire neutron energy spectrum of a given neutron 
beam, an algorithm was developed to process the cross section.  This algorithm is 
described in Section 3.4.   
 
3.4 Neutron Beam Energy Spectrum and Cross Section Library  
Processing 
The PyNIC is capable of performing calculations for any neutron energy bin 
structure.  An algorithm was added to the cross section library processing that uses the 
energy bin structure of the neutron beam to create a neutron cross section array with the 
same energy bin structure.  This is done in order for the neutron activation equation to be 
solved for each individual energy bin associated with the neutron beam energy spectrum 




     
neutron beam energy bin structure has a neutron flux value between 1 eV and 10 eV (the 
upper energy value is used as the energy for that bin), the cross section for that energy bin 
is needed to perform the neutron activation calculation in Eq. 3.1.  The ENDFVII cross 
section libraries that have been added to the PyNIC might have many cross section values 
between 1 eV and 10 eV though. Therefore, an algorithm searches for all the values in the 
cross section library for a given nuclide and averages them to give one single cross 
section value between 1 eV and 10 eV.  This process is completed for every energy bin of 
the neutron beam so that the activation that occurs for each energy range can be 
calculated. 
The algorithm for processing the cross section libraries adds great flexibility to the 
code because it allows a user to input a neutron energy spectrum with any energy bin 
structure.  This can be very important because in many cases user input neutron 
spectrums will have far less energy resolution than the cross section libraries due either to 
poor energy resolution of neutron detectors or limitations on computation abilities.  In the 
case of simulations done in MCNP to tally the neutron energy spectrum from a neutron 
source such as a reactor it is possible to create neutron tally structures with an energy 
resolution seen in cross section libraries, though it would be computationally expensive 
to achieve the level of error reduction needed.  Also of note, the energy resolution for 
each nuclide in the ENDF libraries is not the same over every energy range.  Therefore, 







     
3.5 Nuclear Decay Data for Radiative Capture 
The gamma emissions from radiative capture can fall under two categories, the 
gamma rays emitted immediately after capture and those emitted from the radioactive 
daughter products.  An example of gamma rays emitted immediately after capture would 
be neutron capture in hydrogen: 
 
 𝐻 + 𝑛 → 𝐻 +  𝛾 
2
 
1  (3.3) 
 
Neutron capture in 1H does not lead to a radioactive daughter product but a gamma ray 
with the energy of 2223.3 keV is emitted during the capture process. An example of 
neutron capture leading to the production of a radioactive daughter product would be 
neutron capture in 65Cu: 
 
 𝐶𝑢 + 𝑛 → 𝐶𝑢 +  𝛾 
66
 
65  (3.4) 
 
Neutron capture in 65Cu leads not only to the immediate emission of gamma rays but also 
leads to the radioactive daughter product 66Cu, which decays by beta emission with a 
half-life of 5.12 minutes.  The beta decay of 66Cu is also accompanied by the emission of 
gamma rays, as shown in Fig. 3.4, with the most frequently emitted gamma ray having an 
energy of 1039.2 keV.  
In order to make a simulation tool that would be useful for active neutron 
interrogation and for neutron activation experiments, the immediate gamma emissions 




     
The radioactive decay data of the daughter products were pulled from the atom.kaeri.re.kr 
(1) website, while the immediate gamma emission data were taken from the IAEA 
Thermal Neutron Capture Gamma-rays webpage (23).  The gamma emission rate for 
each radioactive daughter product can be calculated using Eq. 3.5 in conjunction with the 
known gamma emission rates per radioactive decay of the given nuclide.  The 
instantaneous gamma emission rate while the sample is exposed to the neutron beam can 
be calculated using the gamma emission data for radiative capture in Eq. 3.5. 
 
 
𝐴𝐷(𝑡) =  𝜑(𝜎𝑝)𝑚 (
𝑁𝐴
𝐴𝑚
) 𝐴% (3.5) 
 
Every time the user selects a given nuclide, the PyNIC determines the activation and, 
if the data are available, calculates the immediate gamma emissions from radiative 
capture.  The activation product is determined for all 238 nuclides built into the PyNIC, 
and the activity of each daughter product is determined if the daughter product is 
radioactive.  The instantaneous gamma emissions are only calculated for the nuclides 
listed in Table 3.1. 
 
3.6 Gamma Emissions from Inelastic Scattering and Fission 
Gamma emissions from inelastic scattering are calculated each time the user selects C 
and 
16
O in the user interface. The gamma emissions from inelastic scattering in other 
nuclides are not calculated. C and 
16
O are included because their cross sections for 
inelastic scattering (2.51 mb for the first oxidation state of 
16
O and 211 mb for 
12
C at 14 






     
and 3.37 mb for 
12
C at 0.025 eV) and because their signatures would be important in 
explosives detection using neutron interrogation.  Other isotopes important in explosives 
detection have sufficient signatures from radiative capture and therefore do not have their 
inelastic scattering cross sections included in the PyNIC.  The gamma emissions are 
assumed to be from 
12
C and are for the first excitation level (4.43 MeV gamma rays) (24).  
The gamma emissions for O-16 are for the second, third, and fourth excitation levels 
(6.14, 6.91, 7.12 MeV gamma rays) (24).  Gamma emissions from fission are calculated 






Pu nuclides in the user interface.  The 






Pu were taken from simulations performed in 
MCNPX.  







Pu in a vacuum.  A total of 2000 kcode cycles with 100000 
particles per history were run. An F4:p (volume tally for x-rays/gamma rays) within the 
metal sphere was simulated and the results for each of the three isotopes is shown in 
Table 3.2.  The results from the simulation are normalized to a per neutron basis. In order 
to enter the results in Table 3.2 into the PyNIC they needed to be normalized to a per 
fission basis; therefore, they were normalized based on an average neutron yield of 






Pu, respectively.   
 
3.7 Sample Dose Rate Calculations 
The sample dose rate at 1 foot is also calculated for NAA experiments. An NAA 
experiment at the University of Utah TRIGA (UUTR) facilities is performed by bringing 




     
sample, removing the sample, and taking a dose rate measurement at 1 foot, and finally 
counting the activity of the radioactive daughter products on a HPGe detector.  Before 
any NAA experiment, a calculation of the expected activity and dose rate from the 
sample at 1 foot is made.  The dose rate calculations are performed to ensure that the dose 
rate experimenters will receive from the sample is below 1 mR/hr (limit in the UUTR 
facilities).  The activity calculations are performed to ensure that the activity of the 
sample is high enough that the gamma emissions will be detectable on a HPGe detector. 
The dose is calculated for each sample component (and each gamma ray from that 









𝜌) ∗ (1.6 ∗ 10





AD = activity of daughter isotope (Bq) 
R = ratio of decays from a given isotope that emit a gamma ray of the given energy 
E = decay energy for gamma ray (MeV) 
µ/ρ = mass energy-absorption coefficient (cm2/g) 
r = distance from source (cm) 
The PyNIC is used to compute the dose an experimenter would expect for a given set 
of experiment parameters so that the safe exposure rates are obtained.  The key 
parameters that will ultimately determine the dose from the samples are sample mass, 
sample composition, irradiation time, decay time between the end of the irradiation and 
the time the sample is removed from shielding, and when adjustable, the neutron flux it is 




     
too high, one or more of the experiment parameters can be adjusted to reduce the dose 
rate.  An example of this dose calculation is shown below for the same experiment 
parameters used in Section 3.1 (0.05 g sample, 100% 
65
Cu, 1 min irradiation time, 5 min 
decay time, TI port of UUTR TRIGA reactor at 10 kW).  The activity calculated by the 
PyNIC is 0.072 mCi (2.66x10
6
 Bq), the gamma emission at 1.0392 MeV is emitted 
9.23% of the time, and the mass attenuation coefficient is 0.0625 cm
2
/g. 
 𝐷𝑜𝑠𝑒 𝑅𝑎𝑡𝑒 
=






As part of the dose rate calculation, mass energy-absorption coefficients have to be 
determined for each gamma ray.  The mass energy-absorption coefficients in air from the 
NIST website (27) were built into the PyNIC, and an interpolation algorithm is used to 
determine the correct coefficient for a given gamma ray energy. Table 3.3 contains the 
data points from the NIST website. 
To determine the correct coefficient, the algorithm first imports all of the decay 
gamma energies for the activated nuclide.  It then determines which energy data points in 
Table 3.2 each gamma energy falls between (e.g., the 1.0392 MeV gamma ray from 
66
Cu 
would fall between the 1 MeV and 1.25 MeV data points).  The mass attenuation 
coefficients at 1 MeV and 1.25 MeV are 0.06358 cm
2
/g and 0.05687 cm
2
/g, respectively.  
Interpolation is then used to solve for the mass attenuation coefficient at 1.0392 MeV. 
 𝜇
𝜌











     
energy.  
 
3.8 Graphical User Interface 
A graphical user interface (GUI), which is composed of Fig. 3.5 through Fig. 3.16, 
was developed to facilitate the use of the PyNIC.  The GUI was built using the tkinter 
libraries included with a default install of Python. The GUI includes the following 
components: 
1. An entry box for the sample mass (Fig. 3.5)  
2. An entry box for the irradiation time (Fig. 3.6)  
3. An entry box for the decay time between the neutron irradiation and when the 
sample is removed from shielding (Fig. 3.7)  
4. A listbox for the different neutron beams (Fig. 3.8)  
5. A total of five listboxes each containing 238 different isotopes for the user to select 
and a total of five entry boxes to input the percent abundance of each selected 
nuclide in the sample (Fig. 3.9)  
6. A button (Fig. 3.10) that, when pressed, solves Eq. 3.1, Eq. 3.6, and Eq. 3.5 where 
applicable for each of the nuclides selected by the user.  A report is also written to 
a text file and printed to the console (Fig. 3.11)  
7. Entry box for the number histories to input to the MCNPX input file for the HPGe 
detector model (Fig. 3.12)  
8. Entry box for the simulated count time in the HPGe detector model (Fig. 3.13)  
9. Button to generate the MCNPX input file for the HPGe detector model (Fig. 3.14) 




     
11. Button to process the MCNPX output file after completion of the run (Fig. 3.16)  
After processing the output file, a report and a plot of the HPGe detector tally are also 
generated.   
 
3.9 Values Reported By the PyNIC 
The PyNIC generates a text file report (see Fig. 3.17) with the following values (the 
same values are also printed to the console): 
 Instantaneous gamma ray emission rate from each selected nuclide from radiative 
capture 
o Top 5 gamma ray emissions for each nuclide 
 Neutron activation products 
o Activity of activation products 
o Top 5 gamma emissions from each activation product 
 Dose rate at 1 foot from sample (radiation protection for individuals handling 
sample) 
 Instantaneous gamma ray emission rate from each selected nuclide from inelastic 
scattering 
o Top 5 gamma ray emissions for each nuclide 
 Instantaneous gamma ray emission rate from each selected nuclide from fission 
o Top 5 gamma ray emissions for each nuclide 
The report in Fig. 3.17 is generated by the PyNIC for the same experiment parameters 









     
3.10 PyNIC Gamma Spectrum Simulator 
An additional feature of the PyNIC is a gamma spectrum simulator.  The gamma 
spectrum simulator uses MCNPX to model the gamma spectrum on a HPGe detector 
(model shown in Fig. 3.18) from either the instantaneous gamma rays or the activation 
products after a given period of time.  This feature allows the user to visualize an 
idealized gamma spectrum that would be measured from the sample.   
The MCNPX model consists of a high-purity germanium crystal with a radius of 
3.355 cm and a height of 3.68 cm to model the spectrum.  The crystal is located in a 
vacuum, and the gamma source is treated as a point source located 10 cm away from the 
top surface of the crystal as shown in Fig. 3.18.  The energy spectrum of the gamma 
source is modeled as a ratio of either the instantaneous gamma emissions from the user 
selected nuclides or from the activation products.  For example, if two nuclides are 
selected and the instantaneous gamma emission for the first is 1 MeV with an emission 
rate of 1000 gammas/sec and the second emits a gamma ray of 2 MeV with 3000 
gammas/sec, the source would be modeled as a 1 MeV source being emitted 25% of the 
time and a 2 MeV source being emitted 75% of the time.   
The energy bin configuration of the gamma ray tally in the Ge crystal goes from 1 
keV to 1.5 MeV with 0.3659 keV energy bins.  A plot of the spectrum is generated on 
completion of the MCNPX simulation using the Matplotlib library (28) in Python. An 
example of this plot is shown in Fig. 3.19. The number of counts are based on the activity 






     
3.11 Assumptions in PyNIC Calculations     
A number of key assumptions are made in the calculations in the PyNIC.  The 
following are the key assumptions made: 
 The neutron energy spectrum is assumed to be uniform throughout the entire 
sample and there is no accounting for the collision angle of the neutron with the 
nucleus 
 When the daughter product of neutron capture decays to another radioactive 
nuclide, this second nuclide is ignored 
 The gamma emissions from fission are only prompt gamma rays 
 
 












Figure 3.2. 3D thermal neutron flux across UUTR core and irradiation facilities. 





     
 
Figure 3.3. 3D fast neutron flux across UUTR core and irradiation facilities. 
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Figure 3.4. 








     
 
Figure 3.5. Sample mass entry box 
 
 
Figure 3.6. Irradiation time entry box 
 
 
Figure 3.7. Decay time entry box 
 
 
Figure 3.8. PyNIC: Listbox of neutron beams 
 
 





     
 
Figure 3.10. PyNIC: Button to perform calculations based on user input 
 
 
Figure 3.11. PyNIC: Console after report is generated 
 
 






Figure 3.13. PyNIC: Entry box for HPGe count time 
 
 




     
 
 
Figure 3.15. PyNIC: Button to run MCNPX HPGe input file 
 
 




















     
=============================================================== 
PyNIC Version 1.01B 5-May-2014  
=============================================================== 
Table 1. Activation Products  
=============================================================== 
Nuclide          Activity (mCi)          Half-life (minutes)  
=============================================================== 
Cu-64            0.00215                    762  
none             NA                             NA  
none             NA                             NA  
none             NA                             NA  
none             NA                             NA  
Total            0.00215      
 
Table 2. Calculated Dose at 1 ft 
===============================================================  
Nuclide          Dose Rate (mrem/hr)            
=============================================================== 
Cu-64            0.000137613467962  
none             0.0  
none             0.0  
none             0.0  
none             0.0  
Total             0.000137613467962         
 
Table 3. Gamma Emissions from Cu-64  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of Cu-64)  
=============================================================== 
1.35                     0.00473  
 
=============================================================== 
Table 4. Neutron Capture Rate for Selected Neutron Beam 
=============================================================== 
Nuclide          Neutron Captures per Second            
=============================================================== 
Cu-64            8.81e07  
none              NA  
none              NA  
none              NA  
none              NA  
Total             8.81e07         
 
Table 5. Instantaneous Gamma Emissions from Cu-63  
 




     
=============================================================== 
Gamma Energy (MeV)      Decay Ratio (per neutron capture in Cu-63)  
=============================================================== 
7.92                                    0.331  
0.278                                  0.240  
7.64                                    0.162  
0.159                                  0.150  





















     
 
Figure 3.18. MCNPX model of a germanium crystal for simulating detector response 10 


















     
 





































User inputs sample 
mass, irradiation 
time, and decay 
time 
User selects neutron beam User selects up to 5 nuclides 
and enters their percent 
abundance in the sample 
User inputs MCNPX HPGe 
input nps and HPGe count 
time 




emissions from radiative 
capture, inelastic 
scattering, and fission 
calculated for each user 
selected nuclide 
Dose rate at 1 ft 
calculated 
Report generated 
User presses “Generate 
MCNPX HPGe Input File” 
button, which generates an 
MCNPX input file with all of 
the gamma rays from 
activation 
User presses “Run MCNPX 
HPGe Input File” button, 
which runs the MCNPX input 
file (if the user has MCNPX 
installed) 
User presses “Generate 
HPGe Report” button, 
which extracts tally results 
from the MCNPX output 
file.  


















































































































































     








E (MeV) Pu-239 (Metal) 
F4:p      SEM 
U-235 (Metal) 
F4:p      SEM 
U-238 (Metal) 
F4:p      SEM 
1.00E-01 3.62E-05 0.0001 6.20E-05 0.0001 2.94E-05 0.0001 
2.00E-01 8.45E-05 0.0001 3.74E-05 0.0001 1.91E-05 0.0002 
3.00E-01 5.86E-05 0.0002 5.07E-05 0.0002 2.55E-05 0.0002 
4.00E-01 9.45E-05 0.0002 8.82E-05 0.0002 3.90E-05 0.0002 
5.00E-01 1.27E-04 0.0002 1.15E-04 0.0002 4.85E-05 0.0003 
6.00E-01 2.10E-04 0.0002 1.83E-04 0.0002 6.89E-05 0.0003 
7.00E-01 1.51E-04 0.0002 1.41E-04 0.0002 5.33E-05 0.0003 
8.00E-01 1.44E-04 0.0002 1.33E-04 0.0002 4.78E-05 0.0004 
9.00E-01 1.31E-04 0.0003 1.18E-04 0.0003 4.34E-05 0.0004 
1.00E+00 1.18E-04 0.0003 1.14E-04 0.0003 4.05E-05 0.0005 
1.10E+00 1.07E-04 0.0003 9.22E-05 0.0003 3.30E-05 0.0006 
1.20E+00 9.90E-05 0.0004 9.05E-05 0.0004 3.11E-05 0.0006 
1.30E+00 8.95E-05 0.0004 8.91E-05 0.0004 2.70E-05 0.0007 
1.40E+00 7.89E-05 0.0004 8.51E-05 0.0004 2.32E-05 0.0007 
1.50E+00 6.80E-05 0.0005 7.98E-05 0.0004 2.17E-05 0.0008 
1.60E+00 5.96E-05 0.0005 5.43E-05 0.0005 1.80E-05 0.0008 
1.70E+00 5.31E-05 0.0006 5.07E-05 0.0005 1.70E-05 0.0009 
1.80E+00 4.71E-05 0.0006 4.71E-05 0.0005 1.51E-05 0.0009 
1.90E+00 4.23E-05 0.0006 4.48E-05 0.0006 1.34E-05 0.001 
2.00E+00 3.82E-05 0.0007 4.26E-05 0.0006 1.25E-05 0.001 
2.10E+00 3.47E-05 0.0007 2.99E-05 0.0007 1.11E-05 0.0011 
2.20E+00 3.16E-05 0.0008 2.86E-05 0.0007 1.02E-05 0.0011 
2.30E+00 2.86E-05 0.0008 2.73E-05 0.0007 8.70E-06 0.0012 
2.40E+00 2.61E-05 0.0008 2.62E-05 0.0008 7.29E-06 0.0014 
2.50E+00 2.37E-05 0.0009 2.52E-05 0.0008 6.67E-06 0.0014 
2.60E+00 2.14E-05 0.0009 1.75E-05 0.0009 5.82E-06 0.0015 
2.70E+00 1.94E-05 0.001 1.65E-05 0.0009 5.45E-06 0.0016 
2.80E+00 1.74E-05 0.001 1.56E-05 0.001 4.67E-06 0.0017 
2.90E+00 1.57E-05 0.0011 1.48E-05 0.001 3.93E-06 0.0019 
3.00E+00 1.40E-05 0.0011 1.41E-05 0.001 3.59E-06 0.002 
3.10E+00 1.25E-05 0.0012 9.60E-06 0.0012 3.02E-06 0.0021 
3.20E+00 1.12E-05 0.0013 8.97E-06 0.0013 2.77E-06 0.0023 
3.30E+00 1.00E-05 0.0014 8.37E-06 0.0013 2.34E-06 0.0025 
3.40E+00 9.13E-06 0.0014 7.96E-06 0.0014 1.92E-06 0.0027 
3.50E+00 8.24E-06 0.0015 7.56E-06 0.0014 1.75E-06 0.0029 
3.60E+00 7.50E-06 0.0016 5.59E-06 0.0016 1.48E-06 0.003 
3.70E+00 6.84E-06 0.0016 5.30E-06 0.0017 1.52E-06 0.003 





     
Table 3.2.  Continued 
E (MeV) Pu-239 (Metal) 
F4:p      SEM 
U-235 (Metal) 
F4:p      SEM 
U-238 (Metal) 
F4:p      SEM 
3.90E+00 5.68E-06 0.0018 4.80E-06 0.0018 7.65E-07 0.0042 
4.00E+00 5.18E-06 0.0019 4.58E-06 0.0018 1.10E-06 0.0034 
4.10E+00 4.74E-06 0.002 3.22E-06 0.0021 1.74E-06 0.0026 
4.20E+00 4.29E-06 0.0021 3.02E-06 0.0022 1.20E-06 0.0032 
4.30E+00 3.90E-06 0.0022 2.84E-06 0.0022 4.87E-07 0.0054 
4.40E+00 3.55E-06 0.0023 2.64E-06 0.0023 3.95E-07 0.0062 
4.50E+00 3.20E-06 0.0024 2.47E-06 0.0024 3.79E-07 0.0063 
4.60E+00 2.92E-06 0.0025 1.67E-06 0.0029 3.40E-07 0.0067 
4.70E+00 2.66E-06 0.0026 1.55E-06 0.003 3.55E-07 0.0065 
4.80E+00 2.45E-06 0.0027 1.46E-06 0.0031 3.19E-07 0.0069 
4.90E+00 2.21E-06 0.0028 1.40E-06 0.0032 2.94E-07 0.0073 
5.00E+00 2.02E-06 0.003 1.35E-06 0.0032 2.89E-07 0.0074 
5.10E+00 1.84E-06 0.0031 1.15E-06 0.0034 1.81E-07 0.0093 
5.20E+00 1.70E-06 0.0032 1.15E-06 0.0034 1.79E-07 0.0093 
5.30E+00 1.56E-06 0.0034 1.15E-06 0.0034 1.54E-07 0.01 
5.40E+00 1.43E-06 0.0035 1.14E-06 0.0034 1.27E-07 0.011 
5.50E+00 1.30E-06 0.0037 1.11E-06 0.0035 1.25E-07 0.0111 
5.60E+00 1.18E-06 0.0038 9.42E-07 0.0037 9.04E-08 0.0132 
5.70E+00 1.09E-06 0.004 8.69E-07 0.0038 8.74E-08 0.0131 
5.80E+00 9.96E-07 0.0042 7.88E-07 0.004 7.13E-08 0.0146 
5.90E+00 9.00E-07 0.0044 7.21E-07 0.0043 5.21E-08 0.0169 
6.00E+00 8.03E-07 0.0046 6.56E-07 0.0045 5.43E-08 0.0168 
6.10E+00 7.12E-07 0.0049 3.71E-07 0.0055 3.49E-08 0.0206 
6.20E+00 6.40E-07 0.0052 3.25E-07 0.0059 3.52E-08 0.0204 
6.30E+00 5.73E-07 0.0055 2.88E-07 0.0062 3.62E-08 0.0209 
6.40E+00 5.12E-07 0.0059 2.50E-07 0.0067 3.57E-08 0.0208 
6.50E+00 4.50E-07 0.0063 2.15E-07 0.0072 3.49E-08 0.0207 
6.60E+00 3.97E-07 0.0067 1.86E-07 0.0078 3.55E-08 0.0205 
6.70E+00 3.62E-07 0.0071 1.59E-07 0.0084 3.48E-08 0.0207 
6.80E+00 3.22E-07 0.0075 1.38E-07 0.009 3.42E-08 0.021 
6.90E+00 2.85E-07 0.0079 1.18E-07 0.0096 3.50E-08 0.0206 
7.00E+00 2.55E-07 0.0084 1.04E-07 0.0103 3.32E-08 0.0212 
7.10E+00 2.26E-07 0.0088 9.04E-08 0.011 3.29E-08 0.0209 
7.20E+00 2.02E-07 0.0095 7.93E-08 0.0117 3.36E-08 0.0209 
7.30E+00 1.78E-07 0.01 6.91E-08 0.0125 1.59E-08 0.0301 
7.40E+00 1.55E-07 0.0108 5.65E-08 0.0138 0.00E+00 0 
7.50E+00 1.29E-07 0.0116 4.69E-08 0.015 0.00E+00 0 
7.60E+00 1.05E-07 0.0128 3.56E-08 0.0172 0.00E+00 0 
7.70E+00 8.64E-08 0.0142 2.51E-08 0.0207 0.00E+00 0 




     
Table 3.2.  Continued 
E (MeV) Pu-239 (Metal) 
F4:p      SEM 
U-235 (Metal) 
F4:p      SEM 
U-238 (Metal) 
F4:p      SEM 
7.90E+00 4.36E-08 0.0191 7.92E-09 0.0365 0.00E+00 0 
8.00E+00 2.35E-08 0.0247 3.42E-09 0.0556 0.00E+00 0 
8.10E+00 1.24E-08 0.0319 5.21E-10 0.1527 0.00E+00 0 
8.20E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.30E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.40E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.50E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.60E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.70E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.80E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
8.90E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.00E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.10E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.20E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.30E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.40E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.50E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.60E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.70E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.80E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 
9.90E+00 0.00E+00 0 0.00E+00 0 0.00E+00 0 














     

















































     
CHAPTER 4 
 
COMPARISON OF PyNIC NEUTRON ACTIVATION CALCULATIONS TO 
EXPERIMENTS PERFORMED IN THE UNIVERSITY OF UTAH  
TRIGA REACTOR 
 
4.1. Experiment Setup  
A series of irradiation experiments in the UUTR were performed for a comparison to 
activation calculations made in the PyNIC.  The experiment involved irradiating nickel 
wire samples in the (TI) of the UUTR across multiple reactor power levels.  The 
irradiation parameters for each irradiation are listed in Table 4.1.  Coal fly ash standards 
(1633c) (29) from the National Institute of Standards and Technology (NIST) were used 
in the second experiment as further validation of the calculator.  These samples were also 
irradiated in the thermal irradiator of the UUTR. The irradiations performed are listed in 
Table 4.2. 
 
4.2 Experiment Results 
Table 4.3 contains the results of the nickel irradiation experiments.  The activity of 
the irradiated sample was measured using a HPGe detector, and the 
65
Ni was identified 
using the GENIE software.  A high purity germanium detector was used to count the 






     
LaBr3 detectors.  The sample was placed on the detector inside of a lead and copper 
shield (See Fig. 4.1).  The 
65
Ni was analyzed because it has the highest activity of any of 
the activation products in naturally abundant nickel.  A plot of sample activity (measured 
and predicted) is shown in Fig. 4.2, which shows a very good agreement between 
measured and predicted values across the power range from one to ninety kW.  The 
average percent difference between the estimate and the measured values is 4.01%.  All 
samples were within +/- 10% except for an irradiation at 1 kW (10.86%) and one at 10 
kW (18.43%).  Also, the percent difference for the estimated activity of all samples (with 
the exception of the sample with a 18.43%) fell within the +/- calculated by the GENIE 
software.   
The irradiation results for the NIST coal fly ash are given in Tables 4.4, 4.5, and 4.6.  
The samples were counted using the same detector as the nickel wire samples, with the 
exception of a couple samples that were counted using another HPGe detector.  While the 






Ba. A plot of sample activity (measured and predicted) for each nuclide 
is shown in Fig. 4.3, 4.4, and 4.5, which shows a very good agreement between measured 
and predicted values across the power range from 1 to 90 kW with the exception of the 
irradiations at 70 kW for 
139
Ba.  The average percent difference between the estimate and 






Ba is 23.74%, 37.75%, and 21.86%, 
respectively.  The removal of three samples with the greatest error decreases the percent 
difference for 
40




Ba had high relative errors 
reported by the GENIE software, likely due to relatively short count times (10 minutes).  




     
interference would help to improve counting statistics for 
40
K. 
The accuracy of the PyNIC in calculating the dose expected from the sample is good 
for samples, though the accuracy is not to same level as activity predictions.  This is due 
partly that calculator does not take into account any contaminates or unaccounted for 
nuclides in the sample or any contaminates on the container or vial. Also, the handheld 
dose meter does not have the same level of accuracy with regards to dose as a HPGe does 
with activity.  And finally, the user holding the dose meter is not going to consistently 
hold the meter exactly 1 foot from the source.  The dose results for the nickel irradiations 
are shown in Table 4.7, and the dose results for the NIST irradiations is shown in Table 
4.8.  The nickel samples at each power were irradiated together so there are only six dose 
values.  The simulated dose values do give good estimates to help plan safe NAA 
experiments. 
Discrepancies between measured and predicted values occur because of a number of 
factors.  The first is the calibration performed on the germanium detectors.  The source 
used has too high of activity for the counting geometries used. Also, better 
implementation of NAA experimental techniques and counting techniques will lead to 
more accurate measured activities.  Improvements to the cross section processing 
algorithm in PyNIC are also needed.  These improvements will likely lead to better 
agreement between measured and simulated values.  
The performance of PyNIC in calculating the activity of daughter products compared 
to actual measurements shows its usefulness in predicting nuclear signatures.  While not 
tested through actual experiments, the same level of accuracy is expected for prompt 




     
simulate activation products for a sample, thereby lending its value to a wide variety of 
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Figure 4.3. Measured NIST coal fly ash 
56
Mn irradiation results and PyNIC simulated 





Figure 4.4. Measured NIST coal fly ash 
40
K irradiation results and PyNIC simulated 
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Figure 4.5. Measured NIST coal fly ash 
139
Ba irradiation results and PyNIC simulated 
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1 0.1444 1 3 1.48 10 
2 0.1046 1 3 17 10 
3 0.0997 1 3 29 10 
4 0.1021 10 3.57 53 10 
5 0.1035 10 3.57 42 10 
6 0.1101 10 3.57 65 10 
7 0.1025 30 3 68 10 
8 0.1023 30 3 79 10 
9 0.1029 30 3 93 10 
10 0.1041 50 3 96 10 
11 0.1025 50 3 107 10 
12 0.1024 50 3 120 10 
13 0.1016 70 3 124 10 
14 0.1017 70 3 136 10 
15 0.1020 70 3 147 10 
16 0.0954 90 3 139 10 
17 0.1024 90 3 151 10 































1 0.1611 1 2 8.5 10 
2 0.208 1 2 6 10 
3 0.1886 1 2 11 10 
4 0.1592 10 2 27 10 
5 0.1312 10 2 33 10 
6 0.1624 10 2 30 10 
7 0.1648 30 2 44 10 
8 0.1178 30 2 53 10 
9 0.165 30 2 61 10 
10 0.168 50 2 63 10 
11 0.1325 50 2 68 10 
12 0.1595 50 2.75 70 10 
13 0.1249 70 2 73 10 
14 0.0992 70 2 79 10 
15 0.1087 70 2 80 10 
16 0.0663 90 2 83 10 
17 0.0447 90 2 87 10 















































1 0.25 0.24 0.04 0.02 6.85% 
2 0.25 0.23 0.04 0.02 10.86% 
3 0.25 0.24 0.04 0.01 4.52% 
4 3.00 2.85 0.19 0.12 5.46% 
5 3.00 2.92 0.20 0.07 2.88% 
6 3.00 2.54 0.16 0.35 18.43% 
7 7.59 7.38 0.41 0.15 2.77% 
8 7.59 7.45 0.39 0.10 1.93% 
9 7.59 7.59 0.37 0.00 -0.01% 
10 12.65 12.72 0.60 -0.05 -0.58% 
11 12.65 12.94 0.58 -0.18 -2.23% 
12 12.65 12.63 0.54 0.01 0.14% 
13 17.71 17.47 0.71 0.14 1.37% 
14 17.71 17.51 0.68 0.11 1.15% 
15 17.71 17.55 0.65 0.08 0.88% 
16 22.77 22.36 0.85 0.22 1.82% 
17 22.77 21.28 0.77 0.76 6.99% 
















































1 0.041 0.042 1.08E-02 -1.10E-03 -2.63% 
2 0.041 0.036 8.58E-03 5.14E-03 14.46% 
3 0.041 0.023 7.28E-03 1.79E-02 78.52% 
4 0.41 0.35 2.91E-02 5.25E-02 14.81% 
5 0.41 0.35 3.29E-02 6.06E-02 17.48% 
6 0.41 0.32 2.62E-02 9.17E-02 29.08% 
7 1.22 1.05 6.31E-02 1.71E-01 16.30% 
8 1.22 1.03 6.20E-02 1.95E-01 18.98% 
9 1.22 1.02 5.73E-02 2.06E-01 20.31% 
10 2.04 1.61 8.58E-02 4.26E-01 26.43% 
11 2.04 1.65 8.79E-02 3.90E-01 23.66% 
12 2.79 2.35 1.18E-01 4.39E-01 18.66% 
13 2.85 2.23 1.14E-01 6.19E-01 27.77% 
14 2.85 2.18 1.11E-01 6.68E-01 30.60% 
15 2.85 2.30 1.16E-01 5.49E-01 23.84% 
16 3.66 2.99 1.52E-01 6.73E-01 22.52% 
17 3.66 3.07 1.63E-01 5.96E-01 19.41% 












Table 4.5 UUTR NIST standard irradiation activity for 
40
K (ND placed in Table when 


































1 ND ND ND ND ND 
2 ND ND ND ND ND 
3 ND ND ND ND ND 
4 ND ND ND ND ND 
5 ND ND ND ND ND 
6 ND ND ND ND ND 
7 0.20 0.083 5.38E-02 1.18E-01 141.44% 
8 0.20 0.12 6.27E-02 7.80E-02 63.22% 
9 0.20 0.15 5.82E-02 5.14E-02 34.30% 
10 0.34 0.30 9.35E-02 3.06E-02 10.05% 
11 0.34 0.25 8.56E-02 8.24E-02 32.55% 
12 0.46 0.37 1.04E-01 9.07E-02 24.47% 
13 0.47 0.27 1.05E-01 1.96E-01 71.40% 
14 0.47 0.42 1.17E-01 4.80E-02 11.38% 
15 0.47 0.40 1.24E-01 7.45E-02 18.85% 
16 0.60 0.58 1.84E-01 2.45E-02 4.23% 
17 ND ND ND ND ND 












Table 4.6 UUTR NIST standard irradiation activity for 
139
Ba (ND placed in Table 


































1 ND ND ND ND ND 
2 ND ND ND ND ND 
3 ND ND ND ND ND 
4 0.030 0.037 2.75E-02 -7.32E-03 -19.61% 
5 0.030 0.046 3.15E-02 -1.59E-02 -34.63% 
6 0.030 0.037 2.82E-02 -6.88E-03 -18.66% 
7 0.090 0.11 6.53E-02 -2.33E-02 -20.58% 
8 0.090 0.14 7.39E-02 -4.89E-02 -35.20% 
9 0.090 0.12 5.88E-02 -2.81E-02 -23.76% 
10 0.15 0.16 7.70E-02 -1.24E-02 -7.61% 
11 0.15 0.15 7.26E-02 -1.55E-03 -1.02% 
12 0.21 0.24 1.06E-01 -3.14E-02 -13.23% 
13 0.21 0.33 4.74E-02 -1.18E-01 -35.90% 
14 0.21 0.36 1.46E-01 -1.46E-01 -40.97% 
15 0.21 0.36 1.47E-01 -1.51E-01 -41.76% 
16 0.27 0.26 1.18E-01 1.09E-02 4.21% 
17 0.27 0.34 1.49E-01 -7.38E-02 -21.45% 








     


















1 0.00052 0.01 0.0095 
2 0.0055 0.01 0.0045 
3 0.0136 0.12 0.11 
4 0.023 0.11 0.087 
5 0.032 0.20 0.017 





















1 1 0.077 0.02 0.057 
2 1 0.099 0.03 0.069 
3 1 0.09 0.01 0.08 
4 1 0.76 0.68 0.08 
5 1 0.63 0.35 0.28 
6 1 0.78 0.43 0.35 
7 2 1.74 3.4 -1.66 
8 1 1.69 2.04 -0.35 
9 6 0.51 0.45 0.06 
10 3 2.17 2.15 0.02 
11 5 0.93 0.8 0.13 
12 4 1.89 2.1 -0.21 
13 3 2.26 1.35 0.91 
14 6 0.72 0.9 -0.18 
15 4 1.45 1.2 0.25 
16 5 0.84 0.9 -0.06 
17 4 0.77 1.1 -0.33 





     
CHAPTER 5 
 
APPLICATIONS OF PyNIC  
 
5.1 Nuclear Fuel Interrogation Simulated with MCNPX and PyNIC 
This chapter is for explaining the different applications of PyNIC. Its purpose is for 
the user to draw inspiration on how it can be used in the fields of nuclear power, nuclear 
medicine, and nuclear security.  The approach using PyNIC to active neutron 
interrogation of used nuclear fuel is to take real neutron energy spectrum measurements 
(or an MCNPX (Monte Carlo N-Particle, version X) (32) simulated neutron energy 
spectrum) and build it into the calculator.  MCNPX is a radiation transport code based on 
Monte Carlo methods combined with neutron cross section data libraries to simulate the 
transport and secondary particles generated from neutrons.  The Python tool, PyNIC, can 
be used to simulate the fuel interrogation of a wide range of fuel types and fuel content.  
This would be accomplished by entering the isotopic abundance of a fuel type into the 






Pu fission or from the neutron absorption inn cladding material. These gamma 
emissions are then built into an MCNPX input file for modeling the gamma spectrum on 
a HPGe detector by the simulation tool.  The same tool also plots the gamma spectrum 





     
range of fuel content and used to compare to real measurements to ascertain the content 
of the fuel. One current shortcoming of the tool for fuel interrogation is the fission 
product gamma emissions are not accounted for currently.  This could be part of the 
future work and added in the future. 
 
5.2 Simulation Model of Neutron Capture Therapy with Compact  
Neutron Generators 
The modeling of compact neutron sources for NCT is another potential use of the 
calculator. The initial modeling of the source and moderating material would be done 
using MCNPX (32).  These sources can then be used with a model developed from real 
patient computerized tomography (CT) scan data to model dose distributions in the 
patient (33). The subsequent analysis of the dose distributions simulated in MCNPX can 
be performed using CERR: A Computational Environment for Radiotherapy Research 
(version beta 4) (34), an open source library implemented in Matlab®.  CERR overlays 
the dose distributions on the patient CT data.  The combination of these different tools 
leads to accurate representations of neutron scattering and dose deposited in a patient. 
Two different compact neutron generator models were looked at for their potential in 
the BNCT simulations.  Both models are based on a neutron multiplier model proposed 
by Rasouli and Masoudi (35).  Their model uses a sphere of uranium metal to increase 
neutron flux generated by the D-T reaction through fission of the uranium.  The models 
used in this work were recreated with slight modifications using MCNP5.  The first 
model, shown in Fig. 5.1, has only slight modifications from their original work. The 




     
the same moderating materials with some modifications.  Each of these sources is 
modeled to record neutrons exiting the aperture focused towards the patient to be used in 
the dose simulations with the patient CT data.  The flux from the neutron multiplier 
model is shown in Fig. 5.2. 
Once recorded, the neutrons from these two sources can be used to simulate the dose 
to a patient with HER2+ breast cancer.  The patient model, constructed in MCNPX from 
real CT data of a female patient (33), allows for highly accurate predictions of neutron 
scattering and capture in the patient.  It also allows for highly accurate estimates of dose 
distributions in the tumor and surrounding healthy tissue, which are crucial in 
determining the effectiveness of the neutron beam and the treatment.  The Massachusetts 
Institute of Technology Fission Converter Beam (MITII-FCB), which is an epithermal 
neutron beam (36), is another potential source that could be used to simulate the dose 
distributions to compare compact neutron source to a beam from a research reactor.  The 













s) depending on the neutron generation rate in the target.  
Maximizing the neutron flux from the neutron generator is a key component to effective 
neutron capture therapy. 
Fig. 5.3 shows the simulated dose distribution across the patient from the neutron 
multiplier beam.  The dose is tallied across many small voxels to generate Fig. 5.3.  The 
neutron energy spectrum and flux can also be tallied across each of those voxels during 
the simulation.  Then, once the simulation, which can be very computationally expensive, 




     
the PyNIC to model the interactions that occur and more specifically the number of 
neutron captures that occur in 
10
B for a given concentration of 
10
B.  The calculated 
number of neutron captures in 
10
B determines the Li ion and alpha particle flux and 
energy in the tumor, which can then be used to perform calculations on the RBE of the 
beam using a separate program called MCDS.  This calculation can be repeated rapidly 
for a number of different 
10
B concentrations without having to repeatedly rerun MCNPX 
simulations. 
 
5.3 Modeling of Compact Neutron Generators in Homeland Security –  
Explosives Detection 
The proposed concept for simulating explosives detection using active neutron 
interrogation uses a combination of MCNPX and the Python scripts to simulate the 
gamma signatures observed in a sample of explosive material.  The first step would be 
the simulation of the neutron fluence and energy spectrum inside the sample using 
MCNPX.  The second step involves using the simulated neutron fluence and energy 
spectrum in the Python-based neutron interaction simulator to calculate the gamma 
signatures that would be created through neutron capture and select inelastic scattering 
events.  These calculated values are then used in a simplified MCNPX input file to 
simulate the gamma signature on a germanium crystal.  This method significantly reduces 
the computational time needed to run a real case scenario MCNPX input file.  These 
simulations could be performed for a wide range of explosive materials to provide data 





     
5.4 Modeling of Compact Neutron Generators in Homeland Security –  
Special Nuclear Material Detection 
The proposed concept for simulating the detection of highly enriched uranium is 
similar to that for explosive material except that the gamma signature contribution from 
fission has to be considered.  This is built into the Python simulation tool so additions to 
the gamma signature from fission can be correctly calculated.  A range of special nuclear 
materials could be tested including a range of uranium enrichments, plutonium 
enrichments, and a combination of both uranium and plutonium.  In addition, different 
thicknesses of shielding could also be tested to simulate the effects shielding would have 
on detection of each material. 
 
 





     
 















































CONCLUSIONS AND FUTURE WORK 
 
The PyNIC tool has great potential for modeling the neutron interactions relevant to 
nuclear power, nuclear medicine, and homeland security applications, not to mention 
applications in neutron activation analysis practiced at labs across the world.  The tool 
offers the advantage of using the entire neutron cross section library for its neutron 
capture, neutron inelastic scattering, and fission events compared to just using the cross 
section at a thermal energy of 0.025 eV to calculate the rate of neutron capture in the 
defined media.  This allows for a more accurate calculation of the interactions occurring 
because all neutron energies are considered.  The tool allows for the testing of different 
neutron spectrums with computation times on the order of seconds instead of having to 
run long simulations to test those same spectrums for the given application.  Also, after 
the calculations are made for neutron capture, an MCNPX simulation can then be 
performed of the HPGe detector response from the gamma emissions (either the 
instantaneous gamma emissions or the delayed emissions from the radioactive daughter 
products).  This allows the user to have easy access to what gamma spectrum they would 
expect from a sample for their given neutron energy spectrum.  It also allows for design 
of a neutron beam that will help maximize the desired gamma emissions they want when 





     
Future work includes the continued benchmarking of PyNIC through additional NAA 
experiments.  These include irradiations of gold, silver, titanium, tungsten, molybdenum, 
aluminum, iron, copper and many other metal wire samples.  The evaluation of the 
gamma emission rates for prompt neutron analysis would also be a valuable future 
project to ensure that the code is benchmarked for immediate gamma emissions after the 
exposure of a sample to a neutron beam.  Also, to help improve the activity predictions, 
improvements to the cross section library processing algorithm need to be made.  The 
first improvement needed is to use the average neutron energy across the bin instead of 
the top energy limit of the bin. Also, how the cross section is calculated for a given 
energy bin needs improvement for better accuracy. 
The PyNIC has the potential for many great additions to increase its applications in 
nuclear engineering.  One such addition would be to increase the number of nuclides the 
user can select from five to as many as they need, thereby allowing the user to perform all 
the calculations at once for samples with many constituents.  Another addition that would 
be valuable would be to add inelastic scattering cross sections (and the instantaneous 
gamma emissions) for more nuclides so that the interactions can be factored into the 
gamma spectrum a user could expect. 
An addition that would be valuable when modeling the gamma emissions that would 
occur during active fuel interrogation would be to have the option to add the fission 
product gamma emissions for the fuel instead of just getting the gamma rays emitted 
from immediate neutron interactions.  This would help simulate a much more accurate 





     
highly valuable in extending the applicability of the Python based neutron interaction 
















     
GUI_NAA.py 
 Builds user interface 
 Sends user input to NAA_Report_generator.py through reports function 
 Sends user input to HPGe_Input_write.py through HPGe_write function 
NAA_Report_generator.py 
 Generates report of neutron interactions 
 Contains the neutron energy spectrum and flux of any neutron beams built into 
the PyNIC 
 Sends user selected nuclides to Nuclide_Data.py to select appropriate cross 
sections, half-lives, and activation products based on user selected nuclides 
 Sends entire cross section data to XS_Function.py to process the cross section 
data according to the energy spectrum of the neutron beam 
 Sends neutron flux, neutron energy, processed cross section data, irradiation time, 
decay time, nuclide half-lives, and number of parent nuclides to 
Activity_Function.py to calculate activity for each user selected nuclide 
 Sends user selected nuclides to Dose_Data.py to select appropriate gamma 
emission rates for the user selected nuclides 
 Sends gamma decay data for each activation product to Mass_atten_calculator.py 
to calculate the appropriate attenuation factors based on the gamma emissions 
from the sample 
 Sends nuclide activity, gamma emission data, and mass attenuation factors to 





     
 Returns the results of calculations back to GUI_NAA.py 
Activity_Function.py 
 Calculates the activity for each user selected nuclide and neutron beam 
 Calculates the instantaneous gamma ray emission rates from neutron capture, 
fission, and neutron inelastic scattering 
 Returns the results of these calculations to NAA_Report_generator.py 
Dose_Data.py 
 Contains gamma emission data for neutron capture, inelastic scattering, and 
fission 
 Returns this data to NAA_Report_generator.py 
Dose_Function.py 
 Calculates the dose the user would expect at 1 foot from the gamma emissions of 
the activation products 
 Returns the results of these calculations to NAA_Report_generator.py 
HPGe_Input_write.py 
 Uses gamma emission rates calculated and returned to GUI_NAA.py to build an 
MCNPX input file for the simulation of the gamma spectrum one would expect 
from a given sample on a HPGe detector 
 Writes a text file named Isotope.txt 
HPGe_Report_generator.py 
 After a MCNPX run of the HPGe input file has been completed and the “Generate 
HPGe Report” button has been pressed, the HPGe_Report_generator.py script 




     
with those results  
Mass_atten_calculator.py 
 Calculates the attenuation factors for the gamma rays emitted from a sample 
 Returns these values to NAA_Report_generator.py 
Nuclide_Data.py 
 Contains the activation products, the half-lives, and masses for the nuclides 
contained in PyNIC 
 Imports cross section data for user selected nuclides from the nuclide’s individual 
file (i.e. for 
1
H the file is H1.py) 
 Returns nuclide data back to NAA_Report_generator.py 
XS_Function.py 
 Processes nuclide cross section to set up an energy spectrum that is the same as 
the neutron beam energy spectrum 



















     
Isotope Input File 
C *********************************************************************  
C *******************************Section 1, Cell 
Cards********************  
C ******************************************************************** 
1    2 -5.35 1 -2 -3       $germanium crystal 
2    0 -99   (-1:2:3)      $universe boundary  
99   0          99         $outside universe boundary 
 
C ********************************************************************* 
C ******************************Section 2, Surface 
Cards******************* 
C ********************************************************************* 
1    PZ 0                   $crystal Front 
2    PZ 3.68                $back of crystal 
3    CZ 3.355               $crystal radius 
99   SO 600                $SPHERE DEFINING THE BOUNDARY OF THE UNIVERSE 
 
C ********************************************************************* 
C ***Section 3, Particle Physics, Importances, Mode, Energy Cutoffs, 
Var. Red., etc.)** 
C ********************************************************************* 
MODE P 
imp:p 1 1 0 
C ********************************************************************* 
C *********************************Section 4, Material 
Cards*************** 
C ********************************************************************* 
M2   32000 1.0      $ Ge (5.35 g/cc) 
C ********************************************************************* 





     
C ********************************************************************* 
SDEF   ERG=D3 
       POS= 0 0.0 -10 
       VEC= 0 0.0 1 
       DIR=D1 
       RAD=D2 
       WGT=0.01 
SI1    0.98 1 
SP1    0 1 
SI2    0 0.05  
SI3 L 1.77885 
SP3   1.0 
C ********************************************************************* 




E8   0 1.E-6 1.E-3 8196I 3.0 
FT8 GEB 0 0.0017 0 
C ********************************************************************* 
C ******************Section 7, Simulation Control and Debug 
Parameters********* 
C ********************************************************************* 
















     
=============================================================== 
UNEP NAA Calculator Version 1.00B 9-October-2013  
=============================================================== 
Table 1. Activation Products  
=============================================================== 
Nuclide          Activity (mCi)          Half-life (minutes)  
=============================================================== 
Ni-65            0.307906553906       151.032  
Na-24            0.0510247278134       897.54  
Mg-27            0.243292748802       9.458  
Al-28            2.90446595108       2.2414  
K-42            0.0       741.6  
Total            3.5066899816         
 
Table 2. Calculated Dose  
=============================================================== 
Nuclide          Dose Rate (mrem/hr)            
=============================================================== 
Ni-65            1.76683768768  
Na-24            1.66735797539  
Mg-27            2.66631997887  
Al-28            44.9797304325  




     
Total            51.0802460744         
 
Table 3. Gamma Emissions from Ni-65  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of Ni-65)  
=============================================================== 
1.48184            0.2359  
1.11553            0.1542786  
0.36627            0.04805283  
1.62342            0.00497749  
1.72492            0.00398671  
 
Table 4. Gamma Emissions from Na-24  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of Na-24)  
=============================================================== 
1.368633            1  
2.754028            0.99944  
3.86619            0.00052  
0.99682            1.4e-05  
4.23796            1.1e-05  
 




     
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of Mg-27)  
=============================================================== 
0.84376            0.718  
1.01444            0.28  
0.170686            0.008  
 
Table 6. Gamma Emissions from Al-28  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of Al-28)  
=============================================================== 
1.77885            1  
 
Table 7. Gamma Emissions from K-42  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per radioactive decay of K-42)  
=============================================================== 
1.5247            0.1808  
0.3126            0.00336288  
0.89943            0.00051528  
1.92218            0.000412224  





     
Table 8. Instantaneous Gamma Emission rate  
=============================================================== 
Nuclide          Gamma emission per second            
=============================================================== 
Ni-65            504499424.159  
Na-24            490246361.307  
Mg-27            31572281.1092  
Al-28            186047696.846  
K-42            4187101465.06  
Total            5399467228.49         
 
Table 8. Instantaneous Gamma Emissions from Ni-64  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per gamma caputre in Ni-64)  
=============================================================== 
6.0348            0.67  
0.3102            0.220028  
5.7878            0.177014  
0.0636            0.119997  
5.4058            0.088976  
 





     
Gamma Energy (MeV)          Decay Ratio (per gamma capture in Na-23)  
=============================================================== 
0.4722            0.9039  
0.09099            0.44526114  
0.86923            0.20419101  
6.39538            0.18376287  
0.8744            0.14362971  
 
Table 10. Instantaneous Gamma Emissions from Mg-26  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per gamma capture in Mg-26)  
=============================================================== 
2.88167            0.6554  
3.56131            0.60159166  
1.61528            0.16902766  
0.98491            0.15618182  
6.4425            0.09188708  
 
Table 11. Instantaneous Gamma Emissions from Al-27  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per gamma capture in Al-27)  
=============================================================== 




     
7.72403            0.2680074  
3.03389            0.0879966  
3.46507            0.0700011  
4.13341            0.0689967  
 
Table 12. Instantaneous Gamma Emissions from K-41  
=============================================================== 
Gamma Energy (MeV)          Decay Ratio (per gamma capture in K-41)  
=============================================================== 
0.10682            0.33  
0.68193            0.155001  
0.8419              0.132  
0.15143            0.106986  
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